Abstract The health benefits of edible oils, especially promoted by x3 and x9 fatty acids, have been associated with their botanical origin. In order to investigate fatty acid profiles, we assessed Brazil nut, chia, linseed, sesame (toasted and raw), and soybean oils by 1 H nuclear magnetic resonance ( 1 H NMR) and chemometrics. PCA plots revealed important relationships between chemical composition and botanical origin for reference and commercial samples. Strong evidence of commercial Brazil nut oil adulteration was confirmed using a spiking procedure. Our findings show that NMR and chemometrics are successful tools for correlating fatty acid profile with botanical origin, which can be suitable for detecting sample adulteration.
Introduction
Edible vegetable oils are considered an important source of essential nutrients such as mono-and polyunsaturated fatty acids. The health benefits of a rich and balanced unsaturated oil intake, especially promoted by x3 and x9 fatty acids (Hammad et al. 2016; Jampolis et al. 2016; Kim et al. 2014; Lands 2014) , have led the food industry to associate the botanical origin of high aggregate value edible oils with their chemical composition.
Edible vegetable oils consist mainly of fatty acids such as oleic, linoleic, linolenic, myristic, palmitic, and stearic acids, esterified to a glycerol unit (Barison et al. 2010; Somerville et al. 2001 ). There is a significant differentiation between the proportions of these majority fatty acids among different plants (Castejón et al. 2014; Dubois et al. 2007 ; Ryan et al. 2006) . Thus, assessment of the fatty acid profile can be useful to determine the authenticity of edible vegetable oils (Troya et al. 2015) .
The chemical profile of fatty acids is usually assessed by chromatography, ultraviolet-visible spectrophotometry, Fourier-transform infrared spectroscopy, fluorimetry, and mass spectrometry, among other techniques (Santana et al. 2016) . However, nuclear magnetic resonance (NMR) has been established as a powerful technique for evaluation of fatty acids because it mainly involves direct analysis of the samples, avoiding toxic organic solvents and long preparation times (Castejón et al. 2014) . NMR can provide information about purity, quantitative analysis, geographic origin of samples, degree of degradation, structural elucidation, chemical profile evaluation, and detection of sample adulteration within a short period of time (AlonsoSalces et al. 2011; Barison et al. 2010; Fang et al. 2013; Longobardi et al. 2012; Popescu et al. 2015; Siciliano et al. 2013) . Moreover, chemometric methods have been used for NMR data reduction, achieving better system visualization and emphasizing the differences and similarities of samples.
Hence 
Materials and methods

Samples
Commercial edible oils were compared with those extracted by us from in natura seeds (named as reference samples). Brazil nut, chia, linseed, sesame (toasted and raw), and soybean commercial edible oils were purchased from the local market.
The extraction of reference samples was performed according to a method slightly adapted from that described by Miraliakbari and Shahidi 2008 . Around 30 g of each type of seed was powdered and subjected to 24-h extraction by percolation with approximately 40 mL of n-hexane. The percolate was collected, and the extraction was repeated three times. The extracts were combined, filtered (14-lm paper filter), and submitted to liquid-liquid extraction with 50 mL of water in order to remove the natural water contained in the seeds. After solvent removal under reduced pressure, each extracted reference oil was centrifuged (1120 g, 5 min), and the supernatant was kept in amber glass under refrigeration.
Four different brands of commercial edible oils were applied in this study, with the exception of Brazil nut oil, for which two brands were investigated. One Brazil nut oil brand was inspected through acquisition of two more batches.
In order to check for possible adulteration, a reference sample of Brazil nut oil was spiked with 25%, 50% and 75% (v/v) soybean oil.
NMR
The samples were prepared using 300 lL of oil and 200 lL of deuterated chloroform (CDCl3, D 99.8%) with 0.03% v/v tetramethylsilane (TMS). Five replicates from each brand/reference and type of oil were analyzed.
1 H NMR spectra were acquired at 20°C on a Bruker DPX300 NMR spectrometer operating at 7.05 T equipped with a 5-mm dual channel ( 1 H and 13 C) direct detection probe, observing 1 H at 300.13 MHz. Spectra were obtained applying a 90°e xcitation pulse with 64 scans, collecting 64 k data points covering a spectral width of 16 ppm and a relaxation delay of 1 s. Spectra were processed by applying an exponential multiplication to free induction decays (FID) by a factor of 0.3 Hz. Phases and baselines were manually corrected, and all spectra were referenced to the TMS signal at 0.00 ppm.
Multivariate data analysis
The spectra were binned into equal buckets of 0.03 ppm by AMIX software. The special integration mode was applied, while the spectral scaling was set to the biggest bucket. Spectral ranges were 6.5-0.5 ppm, excluding 4.9-4.75 and 3.5-3.08 ppm to minimize the effect of noise.
Principal component analysis (PCA) was used as the unsupervised multivariate method to perform data reduction and observe the general model overview and possible trends (Beebe et al. 1998; Kortesniemi et al. 2015; Miller and Miller 2010) .
Results and discussion
NMR analyses were quickly performed with minimal pretreatment and complete sample recovery. All NMR assignments for fatty acids are well described in the literature (Barison et al. 2010; Castejón et al. 2014) and are illustrated in Fig. 1 .
The PCA score performed for reference samples showed chia and linseed oils on the negative PC1 axis, with 86.3% of explained variance, distant from sesame (both toasted and raw), soybean, and Brazil nut reference oils on the positive PC1 axis. However, Brazil nut oil was distinguished from sesame and soybean oils on the more positive PC2 axis (Fig. 2) .
The buckets at 0.97 and 0.94 ppm were the most important loadings responsible for allocating chia and linseed oils to negative PC1 scores (Fig. 2) , corresponding to the methyl group of the x3 (0.97 ppm, triplet) ( Figure S1 Electronic Supplementary Material).
1 H NMR spectra for chia and linseed reference samples also revealed a deshielding effect in the allylic (2.10-1.95 ppm) and bisallylic hydrogens (2.9-2.7 ppm) and olefinic/b-glyceril hydrogens (5.4-5.2 ppm) ( Figure S1 -Electronic Supplementary Material), due to the higher content of double bonds in x3. According to the literature, chia and linseed oils have a high content of linolenic acid (approximately 50%) (Dubois et al. 2007) , corroborating the loadings highlighted on the negative PC1 axis, which can be attributed to this fatty acid.
The other reference samples (soybean, Brazil nut, and sesame) were allocated to the positive PC1 axis due to the importance of loadings at 0.89, 1.25 and 1.27 ppm (Fig. 2) , which can be associated with common signals for all types of fatty acids. On the positive PC2 axis, Brazil nut oil was distinguished from sesame and soybean oils due to a higher content of saturated fatty acids, as indicated by the loading at 1.25 and 1.27 ppm. Sesame (both toasted and raw) and soybean oils were allocated on the negative PC2 axis since they have a lower content of saturated and x3 fatty acids. Toasted and raw sesame oils were not distinguished in this PCA, indicating a high similarity of the fatty acids, even when seeds underwent a toasting treatment before oil extraction (Fig. 2) .
When commercial oils were included in the sample set, all four brands of chia, linseed, sesame, and soybean oils were correctly grouped near their reference samples (Fig. 3) . In contrast, the Brazil nut samples were the most dispersed group, with only one commercial sample near the reference, while the others showed an anomalous behavior, close to sesame and soybean groups.
It is well known that cheap oils, such as soybean oil, are commonly employed as adulterants (Troya et al. 2015) . Considering the atypical behavior of some commercial samples of Brazil nut oil, its reference oil was spiked with different amounts of soybean oil, and this new data set was analyzed by PCA (Fig. 4) . In Fig. 4 , it can be seen that the samples spiked with different amounts of soybean oil were allocated to different regions in the score plots. As expected, the high percentage of soybean oil displaced them towards soybean oils. Accordingly, the anomalous commercial samples were grouped closer to the soybean oil samples, even closer than the samples spiked with 75% soybean oil, which was the highest concentration analyzed. Therefore, our results showed that the anomalous commercial Brazil nut oils were probably adulterated with 100% soybean oil because of the same value of PC1.
These findings pointed out fraudulent behavior in all batches of one of the brands of Brazil nut oil evaluated. However, this same brand commercializes conforming sesame oil, indicating the importance of chemical analysis coupled to reference samples to corroborate detection of the adulteration of botanical origin.
Conclusion
Detecting strong evidence of adulteration with soybean oil in edible oil composition is a clear example that NMR and chemometrics are suitable tools for assessing the chemical properties of edible oils with high aggregate value. Moreover, samples can be investigated in a short timeframe, with minimum pretreatment and complete sample recovery. The 1 H NMR chemical profiles of vegetable edible oils were clearly differentiated by PCA depending on their botanical origin and chemical composition, which can also be applied to detect anomalous behavior and adulteration cases. H NMR spectra of Brazil nut samples with addition of 25%, 50%, and 75% soybean oil (color figure online) 
